The response to the addition of a Λ hyperon is investigated for the deformed states such as su- 
I. INTRODUCTION
One of the main purpose to study the structure of hypernuclei is to investigate nuclear responses when a Λ particle is added to the nucleus. Since a Λ hyperon is free from the nuclear Pauli principle, we have many interesting phenomena in hypernuclei. For example, in light p-shell hypernuclei with A ≤ 10, it was pointed out that the Λ participation gives rise to more bound states and the appreciable contraction of the system (this stabilization is called the 'gluelike' role of the Λ particle) by cluster model [1] [2] [3] . In heavier p-shell (A ≥ 10) and sd-shell Λ hypernuclei, there is a huge variety of nuclear structure, because they have both α-clustering and (compacting and/or deformed) shell-model like structures.
For example, in 13 Λ C, we found the dynamical contraction of the clustering states as much as 30 % by addition of a Λ hyperon, while in the compacting shell-model like state, there was almost no dynamical shrinkage [4, 5] .
It is also interesting to investigate the difference of the Λ-separation energy (B Λ ) between the cluster and shell-model like states. For example, in 13 Λ C, it is found that the B Λ is smaller in the clustering state than in the compacting shell-model like states by more than 3 MeV [4] . In 20 Λ Ne, it is predicted that the B Λ is larger in the shell-model like ground state than in the negative-parity cluster state [6] . However, this result is different from the cluster model calculation [7] . Therefore it is important to reveal differences of B Λ depending on the structures.
Let us consider the heavier nuclei with 20 ≤ A ≤ 40. It is of interest to investigate nuclear response when a Λ particle is injected into such heavier nuclei. In these nuclei, there are various interesting phenomena such as the coexistence of spherical, normal deformed (ND) and clustering states in the low-lying energy regions. Therefore it is expected that a Λ particle generates the hypernuclear states with various structures and modifies them.
For example, it is pointed out that the shrinking effect of α-clustering states will appear by adding a Λ particle [8, 9] . It is predicted that the shape of 29 Λ Si is changed to be spherical by a Λ particle, whereas the corresponding core nucleus 28 Si is oblately deformed [10] .
It is interesting to study structure of Sc isotopes, because of the coexistence of spherical and normal deformed states. Many authors studied the structure of odd Sc isotopes, in which the positive-parity and negative-parity bands coexist near the ground state. This is inconsistent with the naive shell-model picture which suggests only the negative-parity 2 states near the ground state. For example, 45 Sc has the degenerated positive-parity state 3/2 + near the ground state (7/2 − ) with ∆E = 12keV. In 47 Sc, the positive-parity state 3/2 + lies at only 0.77 MeV above the ground state 7/2 − . The occurrence of the low-lying positive-parity states can be explained as a proton 2-particle 1-hole (2p-1h) state in the Nilsson model [11] [12] [13] [14] . In other words, it could be said that the low-lying positive-parity states are deformed, while the ground states 7/2 − are almost spherical. By adding a Λ hyperon to them, it is expected that the low-lying excitation spectra will be modified in Sc Λ hypernuclei, because the B Λ will be different depending on the deformation. Especially, in the case of the hyperon in s-wave, it is predicted that the Λ-separation energy B Λ becomes larger for the spherical state than the deformed state [6, 10, [15] [16] [17] . Therefore, the addition of a Λ particle will affect the low-lying spectra of Sc isotopes, and hence, we expect that Sc isotopes are suited to verify the dependence of B Λ on nuclear deformation, which is one of the purposes of this study.
Another interesting issue in Λ hypernuclei with A ∼ 40 is to study the low-lying states with very large deformation, i.e. superdeformed (SD) states. It is considered that the SD state is related with the appearance of large shell gaps at a 2 : 1 axis ratio of the nuclear deformation for specific particle numbers. Recently, many SD bands are investigated and identified in nuclei with A ∼ 40 [18] [19] [20] . For example, in 40 Ca, a SD band is confirmed by the observation of the K π = 0 + band built on the 0 + 3 state lying at 5.21 MeV , while its ground state is spherical due to the double closed-shell structure [19, 21] . It is expected that in some Sc isotopes, the SD states will appear in the low-lying regions, which could be accessed by the 24 Mg + 24 Mg reaction fusion-evaporation experiment at GANIL [22] . This paper is organized as follows. In the next section, we explain the theoretical framework of HyperAMD. In Section III, the changes of the Λ single particle energy as a function of quadrupole deformation are presented. The difference of the Λ-separation energy in
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Λ Ca among the ground ND and SD states is also discussed in this section. In Section IV, the existence of the hypernuclear SD states and the changes of the excitation spectra are discussed 
II. FRAMEWORK
In this study, we apply the HyperAMD combined with the generator coordinate method (GCM) [9] 
A. Hamiltonian and variational wave function
The Hamiltonian used in this study is given as,
Here,T N ,T Λ andT g are the kinetic energies of nucleons, a Λ hyperon and the center-of-mass motion, respectively. We use the Gogny D1S interaction [27] The intrinsic wave function of a single Λ hypernucleus composed of a core nucleus with mass A and a Λ hyperon is described by the parity-projected wave function, Ψ π =P π Ψ int , whereP π is the parity projector and Ψ int is the intrinsic wave function given as,
where φ i is ith nucleon single-particle wave packet consisting of spatial, spin χ i and isospin η i parts. The variational parameters are the centroids of Gaussian Z i and z m , width parameters ν σ , spin directions α i , β i , α m and β m , and coefficients c m . We approximately remove the spurious center-of-mass kinetic energy in the same way as Ref. [6] .
B. Variation with constraint on nuclear quadrupole deformation β
The energy variation is performed under the constraint on nuclear matter quadrupole deformation parameter β in the same way as our previous works [6, 9] . By the frictional cooling method, the variational parameters in Ψ π for the Λ hypernucleus and Ψ π N for the core nucleus are determined for each β, and the resulting wave functions are denoted as Ψ π (β) and Ψ π N (β), respectively. It is noted that the nuclear quadrupole deformation parameter γ is optimized through the energy variation for each β. By using the wave functionsΨ π (β)
and Ψ π N (β), we calculate the parity-projected intrinsic energies defined as,
for the Λ hypernucleus and the core nucleus, respectively.
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It is found that the Λ hyperon dominantly occupies an s-wave in the hypernuclear states, because no constraint is imposed on the Λ single particle wave function in the present calculation. Combined with the parity projection, we obtained two kinds of configurations in which the Λ hyperon couples to the positive-and negative-parity states of the core. Here these two are denoted Ψ + N ⊗ Λ and Ψ − N ⊗ Λ, respectively, in the following discussions.
C. Angular momentum projection and GCM
After the variational calculation, we project out an eigenstate of the total angular momentum from the hypernuclear states,
The integrals are performed numerically over three Eular angles Ω.
The wave functions Ψ Jπ M K (β i ) which have the same parity and angular momentum but have different K and nuclear quadrupole deformation β i are superposed (GCM). Then the wave function of the system is written as
where the quantum numbers except for the total angular momentum and the parity are 
D. Analysis of wave function
It is convenient to define the Λ single particle energy ǫ Λ as,
to discuss how the Λ binding energy changes for increasing the nuclear deformation.
We also calculate the energy gain B Λ of each state J π in a hypernucleus from the corresponding state of the core nucleus as follows.
Here, E( A Z)(j π ) and E( 
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To analyze the nucleon configurations for the wave functions on energy curves, we calculate the number of the deformed harmonic oscillator quanta for protons (N p ) and neutrons (N n ) in the same way as Refs. [28, 29] . The number operators are defined as,
where summation over i runs all protons (neutrons) [28] . Here the expectation values of
N are calculated for the parity projected states of the core nuclei.
We introduce the overlap between the GCM wave function Ψ Jπ α and Ψ
Since
is useful to estimate the nuclear quadrupole deformation β of each state. Namely, we regard β corresponding to the maximum GCM overlap as the nuclear deformation of each state.
We call the deformed states with β < 0.5 ND, and those with β ≥ 0.5 SD. Detail discussions about ND and SD will be performed in the next Section.
E. ΛN effective interaction
It is reasonable to use an effective ΛN interaction in our model where short-range and tensor correlations are not included. The G-matrix theory makes it possible to derive a realistic effective interaction in a model space, starting from a free-space interaction. Baryonbaryon interaction models of the SU(3) flavor-octet baryons have been developed with use of Y N scattering data and also hypernuclear information. One of them is the extended-softcore (ESC) model [25] by the Nijmegen group, and the latest version is called ESC08c [30] .
Almost all hypernuclear data are reproduced consistently by ESC08c. In this study, we use the Y N G-matrix interaction (YNG) derived from ESC08c. The YNG is obtained in nuclear matter and represented in a three-range Gaussian form:
Here, an interaction strength in each ΛN state depends on a nuclear Fermi momentum k F , reflecting the density-dependence of the G-matrix in nuclear medium. It should be noted that the ΛN-ΣN coupling term included in ESC08c is renormalized into the ΛN-ΛN part of the G-matrix interaction, giving rise to the important part of the density dependence.
Values of parameters (a i , b i , c i ) and β i are given in Appendix.
In the case of using the YNG interaction, decisively important is how to treat its k Fdependence in a structure calculation. In Ref. [26] , the averaged-density approximation (ADA) was demonstrated to be very reliable to reproduce spectra of Λ hypernuclei with YNG interactions, where k F values in YNG were obtained from expected values of nuclear density distributions by Λ wave functions.
According to the ADA treatment, the k F value is calculated for each configuration of [19, 21] . The SD band is considered to have the [(sd)
configuration, while the configuration of the ND band is [(sd) [19, 31, 32] . Our results for 40 Ca shown in Fig. 1 are identical to those reported in Ref. [24] , since the same theoretical model and effective interaction are applied. The energy curve of 40 Ca as a function of the deformation parameter β (dotted line in Fig. 1 (a) ) shows the spherical energy minimum having the sd closed-shell configuration, which corresponds to the ground state. It also shows two well-determined local energy minima at β = 0.35 and β = 0.55 which correspond to the ND and SD states of 40 Ca mentioned above, respectively.
Furthermore, in Fig. 1 (a) , we show the energy curve of 41 Λ Ca, which is similar in that 9 of deformation β are illustrated. We see that the Λ single-particle energy ǫ Λ (β) varies depending on β, i.e. the ǫ Λ has the minimum at β = 0, and becomes shallower as β increases. This means that a Λ hyperon is most deeply bound to the spherical shape core nucleus, which is consistent with the previous works for p-and sd-shell hypernuclei such as The difference of ǫ Λ will lead to the difference of B Λ and affect the excitation spectra of Λ hypernuclei. To investigate it, we perform the GCM calculation for 40 Ca and 41 Λ Ca by using the wave functions on the energy curves. Figure 1(c) Let us see the changes of radii and deformation by the Λ addition. As shown in Tab. I, we do not have any difference in radii and deformations for the ground and ND states. On the other hand, in the SD state, it is seen that shrinkage of the radius by about 1.4 % and the reduction of nuclear quadrupole deformation.
IV. SCANDIUM HYPERNUCLEI
In odd Sc isotopes, it has been discussed, from the late 1960s, that the disappearance of the magic number N = 20 and the coexistence of the different deformations in the groundstate energy region, i.e. the appearance of the low-lying positive-parity states due to the promotion of a proton from the sd-shell [11] [12] [13] [14] [34] [35] [36] [37] . Furthermore, it is expected that many-particle many-hole (mp-mh) states exist within the small excitation energy. Especially, Sc isotopes could have largely deformed states with a similar nucleon configuration to the SD states of 40 Ca. In this Section, we focus on the response of the Λ addition to 45 Sc and 47 Sc. 
A. mp − mh and SD states
In 45 Sc and 47 Sc, we calculate the energy curves as a function of β for the negative-and positive-parity states. In Fig. 2 (a)-(d) , it is found that three (two) energy curves with the different minima are obtained for the negative-(positive-) parity state. As shown in Fig. 2(a) , we obtain one spherical energy minimum and two ND minima with different deformations in the negative-parity states of 45 Sc and 46 Λ Sc. In Fig. 2(b) , we predict the ND and SD minima as the positive-parity states of 45 Sc and indicates that these energy curves have mp-mh configurations. Among them, the energy curve denoted as SD in Fig. 2(b) is considered to have the [(sd)
configuration, in which the proton configuration is similar to that of the SD states in 40 Ca.
Furthermore, to see deformation of ND1, ND2, and SD in 45 Sc visually, we illustrate the density distributions of them in Fig. 4 . We see the large quadrupole deformation as β increases. By the addition of a Λ particle to these states, it is expected that the Λ-separation energy B Λ is different depending on the deformations as discussed for 
B. Excitation spectra
We discuss the excitation spectra of 45 Sc and 47 Sc and the corresponding hypernuclei, which are shown in Fig. 6 and Fig. 7 . It is noted that all states shown in Fig. 6 and Fig. 7 are bound, because the lowest threshold energies of Fig. 6(a) and Fig. 7(a) . By the GCM-overlap analysis, the negative-and positive-parity states of 45 Sc and 47 Sc are assigned as spherical, ND1, ND2 and SD states, depending on the major components of the wave function in the curves in Fig. 2(a)-(d) . For example, in 45 Sc, the states denoted as spherical in Fig. 6 (a) are dominantly generated by the wave functions on the spherical minimum shown in Fig. 2(a) .
Similarly, the ND1 minimum shown in Fig. 2(a) dominantly contributes the positive-parity ND1 states in Fig. 6(a) . Corresponding to the SD curve, the SD states appear in 45 Sc. In
Tab. III, it is found that the ND1, ND2 and SD states in each nucleus are connected by Fig. 8(a) Fig. 8 (b) ), and the increase of the excitation energies is also around 0.2 MeV. In If we could observe these energy difference experimentally, it would be helpful to obtain information on ΛN spin-dependent part. However, since these two energy splittings are less than 100 keV, then it is might be difficult to be observed experimentally.
V. SUMMARY
We have studied the deformations of 40 Λ Sc using the HyperAMD. As the effective interactions, the Gogny D1S was adopted for NN sector, and the latest version of the ESC08c ΛN potential was employed. Major points to be emphasized are as follows: ND and SD states, which are identical to those reported in Ref. [24] . By addition of a Λ particle to these states, it was found that the calculated Λ-separation energy As for YN interaction employed in this paper, we use the YNG interaction derived from ESC08c. The parameters a i , b i and c i , and β i in Eq. (17) are summarized in Table V and   Table VI for the central, and SLS and ALS parts of the G-matrix interaction, respectively. 
